ABSTRACT: The engineering of photosynthetic bioprocesses is associated with many hurdles due to limited mechanistic 8 knowledge and inherent biological variability. Because of their ability to accumulate high amounts of β-carotene, green 9 microalgae of the Dunaliella genus are of high commercial relevance for the production of food, feed, and high-value fine 
■ INTRODUCTION
23 Halotolerant green microalgae of the Dunaliella genus are 24 among the most important production organisms for natural β-25 carotene. The accumulation of the pigment is an adaption of 26 the exposure to extreme environmental conditions such as high 27 light intensity, high salinity, and nutrient starvation. The 28 overaccumulation of carotenoid pigments is due to a stress 29 response which enables Dunaliella to survive in hypersaline 30 environments. Dunaliella sp. occur in saline shallow lakes and 31 evaporation ponds all over the world. 1 Beside hypersaline 32 species in the genus Dunaliella several euryhaline species of 33 Dunaliella (e.g., D. tertiolecta and D. primolecta have been 34 reported, which grow in marine water. However, only the 35 hypersaline species of the Dunaliella genus (e.g., D. parva, D. 36 viridis, and D. salina) play an important role in algal mass 37 cultivation.
38
There have been very few studies dealing with a comparative 39 evaluation of physiological and biochemical differences among 40 microalgal strains or species. However, when they exist they 41 generally indicate a significant intra-and interspecies variability 48 special emphasis was placed on the morphological differences, 49 the productivity in terms of biomass and β-carotene, and the 50 adaptational stress response as well as differences in photo-51 acclimation and photoinhibition. For this purpose, an 52 interdisciplinary work flow composed of experiments and 53 mathematical modeling was developed and applied to D. salina 54 and D. parva.
■ MATERIALS AND METHODS

56
Strain, Growth Medium, and Precultivation. The strains 57 D. salina and D. parva used in this work were obtained from the 58 Culture Collection of Algae and Protozoa (Windermere, 59 United Kingdom) and identified based on 18S rRNA 60 sequencing. The growth of both stock cultures was performed 61 in a rotary shaking incubator (Multitron, Infors AG, Switzer-62 land) in 3.5% CO 2 enriched air, at a temperature of 26°C, with 63 . Subsequently, the actinic light was low-light and nutrient-repleted conditions. The size measure- PAR region that is absorbed in PSII. • biomass density ρ X (g dw m
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The complete algebraic equation system can be found in the 242 Supporting Information. 
264
The following five dynamic equations are deduced from the Table S4 in the Supporting Information. (8) 273 The model equations contain 9 parameters (optimization 274 variables) and 11 biomass and three reactor constants (see 275 Tables S6 and S7) . 276 The proposed model was implemented in MATLAB 277 (MathWorks) and solved by using CVODES. 11 The model 278 simulations were compared with the experimental data of D. 279 salina and D. parva grown under different cultivations 280 conditions (Tables S2 and S3 ) in flat-plate photobioreactors 281 in batch mode. The parameter estimation was performed using 282 the nonlinear optimization algorithm fmincon with an initial 283 parameter set based on literature and experimental data. This 284 algorithm minimizes the objective function as defined in eq 9:
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286 where m is the number of measured outputs, d k is the number 287 of measurement times, y k and ŷk are the kth measured output 288 variable and corresponding model prediction and σ ki 2 is the 289 variance in the measured data.
290
Parameter Estimation. The nine model parameters of the 291 proposed equation system were estimated to describe the 292 dynamic changes in the biomass density, the chlorophyll, and β-293 carotene fraction as well as the extracellular nitrogen density in 294 largest agreement to the experimental data. For this purpose, 295 the objective function was defined to minimize the weighted 296 sum of squared residuals (eq 9) for ρ X , ω Chl , ω Car , and ρ N,ext for conditions with the estimated parameter set Θ̂ (Table 1 ) in a . Under 379 LL conditions, the β-carotene synthesis started when a critical 380 nitrogen quota of approximately 0.075 g N g −1 dw was reached.
381
Total Chlorophyll Fraction in the Biomass. The model 382 simulations agree reasonably well with the experimental data for 383 the chlorophyll fraction ω Chl , which is crucial for predicting the f3 384 light attenuation in the reactor (Figure 3a−c) . During the initial 385 cultivation period more light energy is supplied per cell than is 386 required for growth, resulting in a considerable decline of the 387 total chlorophyll fraction under all three conditions. The 388 minimal total chlorophyll content in the biomass is almost 389 comparable under three cultivation conditions, namely 0.004 g 390 Chl g −1 dw.
391
Identifiability Analysis Using the Profile Likelihood. The 392 results of the identifiability analysis of all model parameters f4 393 using likelihood profiles are presented in Figure 4 . This 394 approach allows distinguishing between structural nonidentifi-395 able, practical nonidentifiable, and identifiable parameters 396 depending on the shape of χ PL 2 as discussed in Fachet et al. salina (see Figure 3) . Since growth and chlorophyll synthesis 
